A new technique for testing professional skills and competencies as well as its practical applications are presented. The approach in question uses modeling and analyzing the spatio-temporal peculiarities of subjects' oculomotor activity, which are based on the representation of gaze movement on a stimulus surface with the aid of random continuous-time Markov processes with discrete states. The procedure of model parameters estimation provided with goodness-of-fit tests as well as the classifier-building technique, which makes it possible to assess a degree of correspondence between the observed gaze movement distribution and reference distributions identified for different diagnosed groups, were considered. Three examples of practical application of the suggested technique are given as illustrations: assessing a mathematical background level, studying differences in spatio-temporal gaze movement distributions identified for aircraft pilots with different flight proficiency, and assessing skill levels for dispatchers of building automatic control systems.
Introduction
Eye-tracking techniques are widely used in modern fundamental research in the field of cognitive psychology to discover peculiarities of subjects' oculomotor activity, for example, when reading (Jansen, The findings gained as a result of such investigations often testify that there are such factors as, for example, age, sex, ethnic or racial background, vocational training, formed skills, which largely influence eye-tracking measures variation under the given stimulus material and experimental conditions, and determine spatio-temporal peculiarities of gaze movement in homogeneous subjects' groups. By now, a fairly representative list of eye-tracking measures has been established, which could reveal significant differences between diagnosed groups of subjects (Rayner, 1998) .
One of the topical practical problems concerned with eye-tracking research is to develop novel automated systems for diagnostics, which are based on recording of subjects' oculomotor activity while studying stimulus material (for example, professionally-oriented text), followed by construction, identification and application of mathematical models describing oculomotor activity peculiarities in different diagnosed groups. However, not nearly all measures which are of interest for fundamental research are suitable for developing effective formalized diagnostic procedures, which are to be implemented in these systems. Meanwhile, a set of useful characteristics can be found among available measures, which provide solution of popular problems concerned with constructing intelligence and competence-based tests.
One of such solutions is presented in this paper, which describes a new technique for modeling and analyzing spatio-temporal peculiarities of subjects' oculomotor activity based on reproduction of gaze movement on a stimulus surface with the aid of continuous-time Markov processes with discrete states. In addition, the procedure of model parameters estimation provided with goodnessof-fit tests as well as the classifier-building technique, which makes it possible to assess a degree of correspondence between observed gaze movements of a nonidentified subject and reference gaze movement distributions identified for different diagnosed groups, are described here. The detailed mathematical rationale for the proposed technique is presented in the paper (Kuravsky, Marmalyuk, Alkhimov & Yuryev, 2013) . Corresponding software for gaze movement raw data preprocessing, Markov models identification and data classification has been developed.
Three examples of practical applications of the suggested technique and related fields are given here as illustrations: assessing of a mathematical background level, studying differences of spatio-temporal gaze movement distri-butions identified for aircraft pilots with different flight proficiency, and assessing the professional skills of building automation systems operators. Obtained experimental and modeling results demonstrate the considered technique efficiency and the possibility of implementing an automated diagnostic system, which is based on eye-tracking hardware and the developed technique, in order to test personal skills and competencies.
Taking into account the evident complexity of eye-tracking experiments and multiplicity of applications, the purpose of this paper is to present, first of all, new mathematical tools for specialists and show some available relevant illustrative examples. This makes it possible to extend the use of the given tools for the other prospective fields of interest.
2.
Mathematical backgrounds of the technique
Stages of the classification problem solution
Let us assume that experimental procedure involve presentation of visual stimuli representing some information content (a text, formulas, images, a graphical user interface, a web-site, etc.) and registration of subject's eyemovement using one of video-based eye-tracking techniques. Subjects are divided into several groups by levels of a factor under investigation which values are known beforehand. Assuming that for each group eye-tracking data (time series of gaze position coordinates) is available, let us set up a classification problem of identifying a group, to which a new subject belongs, using only eye-tracking data obtained for this subject in same experimental conditions. Classification for the considered task setup results from solution of the following sub-problems:
 dividing a stimulus surface into rectangular zones (states) by a straight-line graticube (see Figure 1)  calculating sample frequency distributions of gaze points in allocated zones at any given time for each diagnosed group of subjects separately;  approximating obtained sample frequency distributions' dynamics by means of Markov models with continuous time and discrete states (see Figure 2) ;  evaluating and comparing likelihood estimations of non-identified subject's gaze movement data for models fitted to separate diagnosed groups.
Stimulus discretization and model development
Figure1.The discretization of the enclosed stimulus area by a straight-line graticube.
Figure2.The graph of discrete states approximating gaze movement on a stimulus surface.
Let gaze movement on a stimulus surface be described by a vector continuous random function of time U(t)=(U1(t),U2(t)), where tT. Probability density p(u,t), which characterizes a distribution of function values U(t), is determined in this case as p(u,t)du = P{u≤U(t)<u+du}, where u=(u1, u2)=(x, y), and du is a square element in R 2 .
Let us assume that the stochastic function under consideration belongs to a sufficiently general class of Markov processes or processes without aftereffect, for which the following condition p(um,tm|um-1,tm-1; …;u0,t0) = p(um,tm|um-1,tm-1) is fulfilled at any given time t0 < t1 < … < tm. These processes are fully described by an initial distribution p(u0,t0) and a distribution of transition probabilities p (u,t|u0,t0). In case of continuous processes this distribution must satisfy the Fokker-Planck-Kolmogorov equation
with an initial condition p(u, t | u0, t0) | t=t0 = δ(u -u0), where δ is the Dirac deltafunction. The intensities of Markov processes under consideration aj (u,t) и bjk (u,t) are referred to as drift and diffusion coefficients, respectively.
For the sake of convenience, let us rewrite the last equation as follows:
by omitting the summation sign with the repeated indices in summed expressions at hand. It is understood that repeated indices i and j are summed from 1 to 2.
After denoting [ − ] as Ji, this equation can be represented in a more easy-to-use form
where J=(J1, J2)=(Jx, Jy) is a probability current density. It can be shown that its components are described by the following expressions:
It should be noted that generally bxy≠byx.
the components of probability current density can be represented as:
Note that with regard to a slow change of the logarithmic function, the simplified formulas for evaluating λx and λy can be used in practice, which make it possible to consider these variables as independent of p:
To find an approximate solution of Fokker-Planck-Kolmogorov equation presented above, let us discretize the enclosed stimulus region (0≤x≤a, 0≤y≤b) by a straight-line graticube, which is uniform along the axes. At the border of the internal cell of a straight-line graticube (see Figure 3 ) the following conditions are satisfied (the superscripts refer to the cell numbers):
Let us average the left and right parts of the continuity equation (1) over the area of a random internal cell (the variables resulting from averaging are further marked by a line drawn above): (2) where according to the average formula,
Similarly:
Substituting expressions (3) into equation (2) and introducing the following symbols
we obtain an ordinary differential equation for the internal cell of a straight-line graticube ( Figure 3 ):
Equations for the frontier graticube cells result from eliminating the summands, concerned with the missing elements, from a given equation.
Thus, searching for the approximate solution to Fokker-PlanckKolmogorov equation amounts to solving the Cauchy problem for a system of ordinary differential equations mentioned above as regard to the probability density of gaze fixations on the stimulus surface, which is averaged over the cell area (Kuravsky, Marmalyuk, Alkhimov & Yuryev, 2013). If every cell of a straight-line graticube with dimensions of l x q is considered as a separate discrete state of a continuous time stochastic process, when every averaged probability density is multiplied by the cell area, then the system of equations under consideration turns to the Kolmogorov set of equations which describes the dynamic change of probabilities of the subject's gaze fixations in the states described above. In this case the following equation corresponds to every state numbered n:
where ̃( ) = ̅ ( ) and ̃( ) = ̅ ( ) are the probabilities of being in nstate and i-state; G is the straight-line graticube cell area; , = 1, … , ; = ; ηni refers to the intensity of transition from n-state to i-state; ηin is the intensity of transition from i-state to n-state.
Following required steps of the classification method presented in the paper (Kuravsky, Marmalyuk, Alkhimov & Yuryev, 2013), it is necessary to identify separate probability distributions of gaze positions on a stimulus surface for each group of subjects.
Model identification: minimum error criterion
Identification of these distributions is reduced to evaluating intensities { } , =1,…, of transitions between states of the process in question. To solve this problem, a numerical procedure of multi-dimensional non-linear optimization is performed, which provides the solution of an inverse problem for the Kolmogorov differential equations system (Kuravsky & Baranov, 2005; Kuravsky, Baranov & Yuryev, 2010; Kuravsky, Marmalyuk, Alkhimov & Yuryev, 2013). As a result of its solution, a set of free parameters estimations is obtained, which determines the system of equations, solutions of which have corresponding properties (time probability functions which approximate a sample probability distribution of gaze positions at the given time points).
Estimates of free parameters (transition intensities) can be defined on the basis of a criterion of fitting of the observed and predicted histograms which use the distributions of frequencies of being in the process states. As such a criterion, Pearson statistics is further used
where ̃( ) is the predicted i-state hit frequency at time point t, N is the sample size, while the probability functions ̃( ) result from numerical integration of the set of Kolmogorov equations. The corresponding observed frequencies Fi are defined as the number of subjects, which gaze remained in the corresponding stimulus zones at the given test time points. The quantity 2 represents a goodness-of-fit measure. Its big values correspond to a poor fit of predicted and observed results, while its small values imply a good fit. Consequently, the identification problem solution is reduced to calculating those intensities of transitions , which provide the minimal value of the Pearson statistics at the time points for which observation results are available.
This technique of free parameters identification is called the minimum chisquare method (Cramer, 1999) . According to the Cramer (1999), when a set of common conditions is fulfilled, and if the random process model fits to the observations, the identification problem under consideration has the only solution which converges in probability to a desired solution, while the values of chisquare statistics are asymptotically described by the chi-square distribution with M-γ-1 degrees of freedom, where γ is the number of the estimated free parameter values. Information available from the distribution makes it possible to apply the statistics given above for checking a hypothesis that the predicted state hit frequencies fit the observation results.
It is evident that this statistics is correctly applied only if the preceding theorem conditions are satisfied. If not, calculating the approximations of maximum likelihood estimates using the 2 criterion is still possible, but the solution obtained can be not a unique one, while it is not obligatory for the corresponding statistics values to be chi-square distributed. It should be noted that one of the warnings of violated theorem conditions is the M > γ -1 inequality failure.
The criterion applied if Cramer theorem hypotheses are violated
If the theorem conditions are violated, it is necessary to choose a criterion, which differs from the one discussed above, to evaluate a degree of solution fitness to observations. The suggested criterion is based on analysis of the regression relationship between observed and predictable frequencies of being in states of a stochastic process under study at reference time points. Let us assume that observed frequencies are expressed via the corresponding predicted probabilities using the Gaussian simple linear regression formula:
where is the observed frequency of being in the i-state at the k-th reference time point ( = 1, … , ), ̃ and are corresponding predicted probabilities and random errors, are unknown regression parameters. It is assumed that these random errors are independent and normally distributed with zero mean and the same variance at all reference time points.
Goodness-of-fit estimates for predicted results and observations are based on standard criteria used to test a statistical significance of the regression model in question, viz.: the Student criterion to test the hypotheses =0 and F-criterion to test significance of the regression equation.
Besides, in a number of cases it can be additionally tested whether the unity is included in the 95% confidence interval of the quantity / . If the regression model under consideration is statistically significant at the given  level, and the unity is included in the indicated confidence interval, it can be assumed that there is an acceptable degree of fit between solution results and observations.
Reducing dimension of the identification problem
As a rule, to identify free parameters of stochastic processes with the structure of relationships between states, which is presented in Figure 2 , is a complicated computational problem. However, there is an efficient method, which makes it possible to simplify its solution.
For this purpose, raw-and-column states of initial graticube can be combined into grouped states, namely, being in the state Vj (j=1,2,…,q) is equal to being in one of the states sj, sj+q, …, sj+(l-1)q, while being in the state Hi (i=1,2,…,l) is equal to being in one of the states s(i-1)q+1, s(i-1)q+2, …, siq (Figure 4) . Since probability of being in each of grouped states is equal to a sum of probabilities of being in the composing initial stochastic process states, the Kolmogorov equations for probabilities of gaze fixations in grouped states result from a concordant summation of the left and right parts of all the equations, which correspond to the cells forming these states: 
=1
Thus, studying of the initial stochastic process, which state relationship structure is formed by the × straight-line graticube, is reduced to analyzing of two processes with grouped states, which have less dimensions (l or q) and simplified structures of state relationships.
The intensities of transitions between grouped states can be identified as discussed above. The backtrack to the initial process is simple: since the probabilities of being in vertically and horizontally oriented groups are independent, the probability of being in a state, which is related to groups Hi and Vj, is calculated as product of probabilities and of being in these groups. The assumption in question leads to averaging intensities of transitions along given directions in each of state groups and is acceptable, if the problem formulation does not assume any certain dependencies between free parameters. The method of decomposition presented makes analysis of the systems under consideration much easier.
Trajectory classification
Having obtained, as it is shown above, approximations of probability distributions of gaze fixations on a stimulus surface for various subject groups ∈ Ω, it is possible to find probabilistic estimates of affiliation of previously non-identified subjects to the given groups. To solve this problem, a trajectory of gaze movement on an operating stimulus surface should be registered, and probabilistic estimates of passing observed trajectories should be determined by applying already known approximations of given distributions for each such subject. In general case, a line integral is calculated in this case for each category as a likelihood measure:
where is an infinite small length element of ( ) trajectory (see Section 2.2). A subject belongs to a category characterized by a maximum probabilistic estimate = max ∈Ω .
In practice, the above mentioned integrals ω are replaced by their numerical estimates.
3.
The first example of practical application
Experimental procedure and equipment
The experimental procedure included the video-based registration of subjects' eye movement, when the stimulus material based on the mathematical text, which corresponded to a first-year student curriculum for engineering specialties, has being studied. The task for a subject was to read and analyze the text for a limitless time period in order to find the reasoning errors or to prove their absence. The decision-making was marked by the phrase "I'm ready". Whenever a subject said the phrase an experimentalist paused gaze-movement registration and a subject was given an opportunity to describe the conclusions made by giving a detailed explanation. The subject's responses were taperecorded.
The recorded responses were analyzed by experts to determine the subjects' answers correctness. According to the experts' assessments, the experimental group of subjects was separated into those who had fulfilled the task correctly and those who had failed.
Gaze movements were registered with SMI Hi-Speed™ stationary tower mounted eye-tracking system (Figure 7 ) in a monocular mode with a sample rate of 500 Hz. The stimulus display resolution was 1280×1024 pixels. Calibration was performed by a standard technique through 9 fixation reference points. The subjects' sample included 24 persons. Hz stationary tower mounted eye-tracker.
Application of the suggested technique
The stimulus material for the task was concerned with solving the eigenvalue problem. The text contained two included test errors: firstly, the x vector was factored out incorrectly, and, secondly, eigenvalues could not be uniquely determined from the equation det(Ax-E)≠0.
The area, where the stimulus material was located, was divided into 4×4 cells by a straight-line graticube. This had provided the row height of 256 points and the column width of 320 points, respectively (see. Figure 8 ). After having excluded the subjects with extreme results (the ones who solved the task too long), the subjects' sample was divided into two diagnosable groups: one of them included those who had fulfilled the task correctly while another group included those who had not. The two corresponding gaze movement trajectories' subsamples were used as the training datasets employed to identify Markov models and evaluate the classification procedure's accuracy for the training data.
Approximation of the solution and diagnostic results
The equations for the presented grouped states take on form similar to the equations presented in subsection 2.5. The intensities of transitions between the states of the process under study were identified separately for the 10-second time intervals following each other.
Numerical integration of the Kolmogorov equations set with the identified values of the transition intensities made it possible to calculate the predicted probabilities of being in grouped states. An example of both these time-dependent probabilities and the corresponding sample estimates is shown in Figure 9 . The resulting models were applied to construct the probabilistic classifier which provided acceptable accuracy of classification of subjects into the groups for the given training dataset. Comparison of the likelihood measure estimates, which characterize probability of observed trajectories for the given models, provided the right choice of the subject group in 87% of experiments (there is statistically significant difference from the uniform distribution by Pearson criterion, p<0.00001). This result allows considering the diagnostic technique in use as a highly effective one.
4.
The second example of practical application
Experimental procedure and equipment
The goal of the second experiment was to test experimentally the hypothesis of existence of significant difference between gaze movement distributions for the pilots with different levels of flight proficiency. In case of revealing such statistical differences it is possible to apply the results obtained for estimating a pilot training level.
The research importance was caused by the necessity of developing newtype computer diagnostic systems based on gaze movement analysis. This, in its turn, is determined by the fact that video-based eye-tracking is the only practical technique of acquiring information on a pilot visual attention to aircraft dashboard indicators and readout correctness, which is unavailable for pilots-instructors and is an essential constituent of pilot skill. Within the framework of a relevant flight program, experimental flights of two pilots with different skill levels were carried out using the "Sapsan" aircraft ( Figure 10 ). Figure 10 . The "Sapsan" aircraft in flight during the experiment.
Gaze movement was recorded by means of the SMI iView X™ HED head-mounted eye tracker ( Figure 11 ) in a monocular mode with a sample rate of 50 Hz. Calibration was performed by the standard technique through 4 reference points on the aircraft dashboard. The frontal video-camera was directed towards the observed scene. Figure 11 . Fixation of the SMI iView X™ HED eye-tracker equipment on the pilot's head.
The results obtained
As a result of the experimental data processing, the averaged probability distributions of gaze positions on the dashboard surface during take-off, flying in a circle, and landing were separately estimated for the inexperienced pilot and the average-skilled pilot. Obtained sample estimates are illustrated in Figures 1214 . The dashboard surface was divided into 10×10 rectangular zones by a straight-line graticube. For quantitative estimation of difference between the obtained probability distributions, the method of plausible trajectories is suggested, which includes the following steps:
1)
Generation of random sequences of successive time points and evaluation of T corresponding most probable gaze positions on a stimulus surface for each of the obtained distributions (forming the most plausible trajectories)
2)
Calculation of the likelihood measures representing the probabilities of observed trajectories for each of the T most plausible trajectories obtained at the previous step in case of each of the classifiable probability distributions (these quantities represent goodness-of-fit of the most plausible trajectories in case of the different proficiency levels under study)
3)
Comparison of distributions of the statistics { ( ∑ =1 )} =1 obtained for the sample of the most plausible trajectories during step 1, where is the likelihood measure for the most plausible trajectory calculated for the idistribution in case of the j-distribution, Q is the number of proficiency levels under consideration, with the averaged uniform level 1/Q by the Wilcoxon sign rank test. In case of statistically significant difference from the averaged uniform level 1/Q, it can be concluded that the compared probability distributions are essentially differentiated. Figures 12-14 show the probability distribution pairs which are significantly different in terms of the above mentioned test (p<0.0001; T=20). This allows us to conclude that the diagnostic technique under consideration can be applied to assess pilot skill level and to develop the corresponding automated diagnostic systems of great practical interest.
5.
The third example of practical application
Experimental procedure and equipment
The third experiment was aimed to experimentally test a hypothesis of significant difference between spatio-temporal gaze positions distributions estimated for dispatchers with different levels of building automatic control system operating skill. In case of revealing such statistical differences it is possible to apply the suggested approach for assessing training outcomes.
The experimental procedure included the video-based registration of subjects' eye movement, during listening to the task instructions, concerned with an emergency arisen at a remote building, studying the presented stimulus ( Figure  15 ) and answering the target question.
Gaze movement was recorded by means of the SMI iView X™ HED head-mounted eye-tracker in a stationary monocular mode with a sample rate of 50 Hz. Calibration was performed using 9 reference points on the stimulus display according to a standard procedure. The observed scene was recorded with the eyetracker frontal video-camera.
5.2.
The results obtained
The "individual" dynamics of probability distribution of gaze positions were estimated for each gaze trajectory measured. For that purpose, analyzed trajectories were split into the maximum possible number of subsets of the specified length which are not overlap. Next, sample frequencies of "hitting" the spatial zones V1-V4, H1-H4 of the observed stimulus ( Figure 15) were estimated for each trajectory in all available subsets. Histograms of sample frequencies of being in the states obtained for each diagnosed group of subjects were used for identifying the corresponding Markov models. Figure 16 presents the estimates of averaged probability distributions of gaze positions on the stimulus surface for incompetent and competent operators. The proposed classification technique provided the right choice of a subject's category in 82% of experiments (there is statistically significant difference from the uniform distribution by the Pearson criterion, p<0,05). This allows us to conclude that the technique under consideration can be applied to assess skill levels of dispatchers of building automatic control systems.
Main results and conclusions

1.
The new technique for testing professional skills, which uses modeling and analyzing the spatio-temporal peculiarities of subjects' oculomotor activity, has been developed. It is based on the representation of gaze movement on a stimulus surface with the aid of identified random continuous-time Markov processes with discrete states.
2.
The formalized procedure, which makes it possible to establish the most probable diagnoses by assessing the fit measure for the subject's gaze movement trajectory with regards to identified reference probability distributions based on observations obtained from each of diagnosed groups, has been developed.
3.
The method of plausible trajectories has been suggested, which provides quantitative estimates of gaze position probability distributions differences to evaluate their possible applicability for diagnostic use.
4.
The presented examples of practical applications of the technique suggested for assessing a mathematical background level, studying differences in spatio-temporal gaze movement distributions identified for aircraft pilots with different flight proficiency and assessing skill levels for dispatchers of building automatic control systems demonstrate the technique efficiency and the possibility of implementing an automated diagnostic system, which is based on eye-tracking hardware and the developed technique, in order to test personal skills and competencies.
